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When influenza (H3N2) viruses from infected individuals are grown in embryonated chicken eggs, viruses
are isolated which differ antigenically and structurally from viruses grown in mammalian Madin-Darby canine
kidney (MDCK) cell culture [G. C. Schild, J. S. Oxford, J. C. de Jong, and R. G. Webster, Nature (London)
303:706-709, 1983]. To determine which of these viruses is most representative of virus replicating in the
infected individual, a region of the HA gene of virus present in original clinical samples was amplified by using
the polymerase chain reaction and sequenced directly. Comparison of 170 amino acid residues ofHAl flanking
and containing the receptor-binding site and antigenic sites indicated that over this region, the HA of virus
replicating in the infected individual was identical to that of virus after growth in MDCK cells and was distinct
from the HA of viruses grown in eggs. Therefore, cultivation of human influenza H3N2 virus in mammalian
MDCK cells results in a virus similar to the predominant population of virus found in the infected individual.

Original clinical samples from patients infected with influ-
enza viruses are routinely cultured in mammalian continuous
cell lines or embryonated chicken eggs. It has been assumed
that the antigenic and structural characteristics of viruses
isolated in these host cells are identical to those of the virus
which replicated and caused disease in the infected individ-
ual. However, in other viral systems some host cell types
have been shown to impose selection on the replicating virus
population, favoring a virus with amino acid mutations
which provide a growth advantage for the virus in the
particular host cell (2, 7).
Host cell variation of influenza viruses was first reported

by Burnet and Bull (3) over 40 years ago when they observed
that influenza viruses cultivated in the amniotic or allantoic
cavities of eggs could exhibit altered receptor-binding prop-
erties relative to each other. In recent years, the molecular
basis of this variation has been shown to reside largely in
amino acid sequence changes in the region of the receptor-
binding pocket of the HA molecule of influenza viruses
grown in eggs (4, 10, 11).
When an original clinical sample is grown in eggs, multiple

antigenically and structurally distinct variants can be iso-
lated, whereas only a single population of virus is isolated
from the same original sample grown in mammalian Madin-
Darby canine kidney (MDCK) cell culture (5, 16). The
predominant egg-grown virus is usually antigenically identi-
cal to MDCK cell-grown virus but, nevertheless, possesses a
single amino acid difference compared to virus from the
same source grown in mammalian cells. Typically, one or
two other antigenically and structurally distinct variants are
isolated in eggs. It is not known which of these viruses, if
any, represent the virus replicating in the infected individual.
To address this question, we have sequenced directly a

segment of the HA gene amplified by the polymerase chain
reaction (PCR) (12, 13) technique from influenza (H3N2)
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virus present in an original throat wash sample. The region
of the HA gene chosen for amplification encodes a 170-
amino-acid stretch encompassing the receptor-binding site
and antigenic regions around it. This region includes the
majority of amino acid residues known to differ between
egg-grown and MDCK cell-grown H3N2 viruses (4, 5, 16).

Throat washes (gargles) were obtained from two patients
with clinical signs of influenza (virus strains A/Memphis/5/85
and A/Memphis/14/85). These samples were collected in
phosphate-buffered saline to which 5% bovine serum albu-
min was added subsequently. Samples were aliquoted and
stored at -70°C until use. Virus was concentrated from 2 to
4 ml of throat wash by centrifugation in a Beckman air-
driven centrifuge (28 lb/in2 gauge = 90,000 rpm, 15 min at
20°C). Concentrated virus was resuspended in 0.25 ml of
STE (0.05 M Tris, 0.1 M NaCl, 1.0 mM EDTA); the viral
RNA was isolated by incubation (10 min at 20°C) of the virus
with an equal volume of 2x proteinase K buffer (0.02 M Tris
[pH 7.5], 0.01 M EDTA [pH 8.0], 1% sodium dodecyl
sulfate) and 50 pL1 of proteinase K (2 mg/ml) followed by
three extractions with phenol-chloroform and precipitation
with ethanol (1). cDNA was synthesized in a volume of 10 ,ul
from viral RNA by using 20 U of reverse transcriptase (Life
Sciences), 1 ,ug of oligonucleotide primer identical to the 5'
end of the segment of the HA gene to be amplified (Fig. 1),
0.5 mM each 2'-deoxynucleotide 5'-triphosphate (dNTP),
Schimke buffer (50 mM Tris, [pH 8.0], 10 mM MgCl2, 10 mM
dithiothreitol, 70 mM KCI) and 20 U of RNase inhibitor
(Promega). Synthesis of cDNA was carried out at 42°C for 1
h, after which the samples were heated to 100°C for 5 min.
Each PCR tube contained 10 p.l of cDNA template or

mock template, 1 p.M each of forward and reverse oligonu-
cleotide primers (Fig. 1), 200 p.M each dNTP, 50 mM KCI,
10 mM Tris (pH 8.3), 1.5 mM MgCl2, 0.01% (wt/vol) gelatin,
and 0.5 U of Thermus aquaticus (Taq) polymerase (Perkin
Elmer Cetus). Reaction tubes were overlaid with 100 p.l of
mineral oil and were subjected to 35 cycles of amplification
in a DNA thermal cycler (Perkin Elmer Cetus). The first
cycle consisted of 1.5 min at 94°C, 2 min at 37°C, and 3 min
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FIG. 1. Nucleotide sequences and position on the HA gene of
oligonucleotide primers used for cDNA synthesis and for PCR
amplification.

at 72°C. The next 34 cycles were similar except that dena-
turation at 94°C was carried out for 1 min. All experiments
were performed by using equal numbers of potential positive
samples and negative controls in which mock RNA extrac-
tion and cDNA synthesis had been carried out on samples of
sterile water.

Figure 1 shows the sequences and position on the HA gene
of the oligonucleotide primers used for cDNA synthesis and
PCR amplification. Primer sequences were chosen on the
basis of homologous nucleotide sequences obtained from
viral RNA of MDCK cell- and egg-grown viruses. Three
different positive-sense primers (Mem5, MP342, and Meml)
or negative-sense primers (Mem4, Mem6, and Mem7) were
synthesized by using an Applied Biosystems 380A DNA
synthesizer and phosphoramidite chemistry. The same pos-
itive-sense primer was used for both cDNA synthesis and
PCR amplification. The primer combinations which opti-
mized amplification differed between viruses, and therefore
three to five independent amplifications were performed for
each virus sample with different forward- and reverse-primer
combinations. Depending on the primers used, amplification
products ranged in size from 438 to 674 base pairs in length.
To detect PCR products, 20-pul samples were electro-

phoresed on 3% Nuseive, 1% Seakem agarose gels (FMC
Bioproducts) containing 0.5 p.g/p.l ethidium bromide for 3.5 h
at 60 V. The remainder of the PCR products (-80 pul) were
subsequently run on 3% Nuseive, 1% Seakem agarose gels in
TAE (40 mM Tris acetate, 1 mM EDTA [pH 6.2]), and the
DNA bands were illuminated by UV light. Bands of the
expected molecular sizes were excised from the gel, and
their DNA was purified on a silica matrix (Geneclean; BIO
101 Inc.). DNA amplification products purified in this way
were routinely used for two separate dideoxy-chain termi-
nation sequence determination reactions (14) using modified
T7 DNA polymerase (United States Biochemical) and nested
oligonucleotide primers which had been end labeled with
[_y-32PIATP in the presence of T4 polynucleotide kinase
(Bethesda Research Laboratories). A total of six different
primers, five priming for positive-sense DNA and one prim-
ing for negative-sense DNA, were used to determine over-
lapping sequences of DNA products obtained from multiple
independent amplification reactions. Therefore, any given
sequence is the result of at least two independent determi-
nations.
A 600-base-pair region of the HA gene was amplified from

virus present in throat wash samples obtained from two

TABLE 1. Amino acid sequence comparison of critical residues
in HAl obtained by direct sequencing of PCR amplification

products of H3N2 influenza viruses from two patients

Amino acid at HAl residue no.
Patient no. and source of virus

145 156 173 186 199 246 248

5
Original throat wash Asn Glu Arg Ser Ala Asn Thr
MDCK cell grown (5-1) Asn Glu Arg Ser Ala Asn Thr
Egg grown (5-15) Asn Glu Arg Ser Ala Sgr` Thr

14
Original throat wash Asn Glu Lys Ser Ser Asn Thr
MDCK cell grown (14-1) Asn Glu Lys Ser Ser Asn Thr
Egg grown (14-1-1) Asn Glu Lys Ser Ser Asn Ile

a Underlined type indicates an amino acid sequence change.

individuals (patients 5 and 14) infected with type A (H3N2)
virus in the 1985 influenza virus outbreak in Memphis, Tenn.
These samples contained 103-5 to 104' 50% tissue culture
infectious doses of virus on the basis of titration of the
original samples on MDCK cells. For comparison, cDNA
prepared from MDCK cell-grown virus or the predominant
egg-grown variant diluted to a titer of virus similar to that in
the original throat wash samples was also amplified. Care
was taken not to work with MDCK cell- or egg-grown virus
and the corresponding throat wash sample at the same time.
As a positive control, the cultured virus isolated from patient
5 was amplified at the same time as the original gargle from
patient 14 and vice versa. Since these viruses possessed a
patient-specific amino acid difference at 173 (patient 14, Lys;
patient 5, Arg), sequence analysis of the PCR products
ensured that amplified DNA obtained from original throat
wash samples was not merely a result of contamination from
other reaction tubes.
By using nested primers for dideoxy-chain termination

sequencing, the nucleotide sequence encoding a 170-amino-
acid region of HAl (from residues 130 to 300) was obtained
from the purified products of amplification. Table 1 gives a
comparison of sequences deduced from PCR amplification
products at amino acid residues implicated in the adaptation
of these viruses to growth in in vitro host cell systems. For
comparison, Table 2 gives the range of antigenic variants
obtained by in vitro cultivation of the original clinical sam-
ples from patients 5 and 14 and their relevant amino acid
sequences deduced by sequencing from viral RNA directly.
In both cases, antigenic group I viruses (5-15 and 14-1-1)
were the predominant virus type isolated in eggs.
No silent base changes or base mutations due to Taq

polymerase incorporation errors were detected. For patient
5, the nucleotide sequence obtained from virus in the original
throat wash was identical over the entire region to the
sequence obtained from the amplification of cDNA prepared
from comparable amounts of MDCK cell-grown virus. The
mutation present in HAl of the most frequently isolated
egg-grown variant 5-15 at residue 246 (Asn-+Ser) was not
detected in virus from the original sample, nor were three
other mutations at residues 156, 186, and 199 identified by
RNA sequencing of other minor egg-grown variants isolated
from patient 5 (Table 2). Similar analysis of the viruses from
patient 14 (Table 1) shows that the amino acid change at
residue 248 (Thr- Ile) found in the predominant egg-grown
variant 14-1-1 did not occur in the DNA amplified from virus
present in throat washings from this patient. The sequence
obtained from this original sample was again identical to the
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TABLE 2. Summary of antigenic and amino acid sequence differences between MDCK cell- and egg-grown viruses
isolated from two patients"

Patient Host cell Virus Antigenic Amino acid at HAl residue no.
no. isolated in: clone no. group 145 156 173 186 199 246 248

5 MDCK 5-1 I Asn Glu Arg Ser Ala Asn Thr
Egg 5-15 b - Ser
Egg 5-4 II Lys
Egg 5-6 III Ile Ser

14 MDCK 14-1 I Asn Glu Lys Ser Ser Asn Thr
Egg 14-1-1 I - Ile
Egg 14-2-4 III Lys
Egg 14-2-6 IV Ser

a These patients are described in reference 16. Corrections have been made to typographical errors made in original data. (i) Sequence changes were observed
at residue 186, not 185, in HAl. (ii) Patient 5 viruses have Ala at 199 except egg-grown variant 5-6, which has Ser. (iii) Patient 14 viruses have Asn at 246 except
egg-grown variant 14-2-6, which has Ser.

b _, No change compared to the amino acid sequence of MDCK cell-grown virus.

sequence obtained from amplification of the MDCK cell-
grown clone isolated from patient 14. These results indicate
that over the region studied, the HA of virus replicating in
the infected individual is identical to that of the virus after
growth in mammalian MDCK cells and is distinct from the
HA of virus grown in eggs.

Amplification by using PCR of the genome of very low
amounts (103 to 104-5 50% tissue culture infectious doses) of
influenza virus present in original throat wash material from
infected individuals has enabled the direct sequence analysis
of the viruses replicating in humans. This amount of virus is
at least 10- to 100-fold less than is readily detectable by
hemagglutination assay. For two separate cases, we have
shown that the predominant population of influenza virus
present in the infected individual bears an HA gene identical
to that of virus isolated in vitro in mammalian cell culture.
These results supply direct evidence that mammalian
(MDCK) cell culture provides a host system for the isolation
of human influenza viruses which, unlike the embryonated
egg, does not select for variants with structural alterations in
the receptor-binding region of the HA gene which are not the
predominant virus species present in the infected individual.
Support for these findings comes from studies by Robertson
et al. (9), who have reported similar sequence identity
between the HA of a type B virus amplified from an original
sample and the HA of the virus after growth in MDCK cells.
The sequence identity between the HA of MDCK cell-

grown virus and virus in the original sample demonstrated
here is consistent with the body of circumstantial evidence
which has accumulated to suggest that mammalian cell-
grown virus is more similar to the virus replicating in the
infected individual than is egg-grown virus. We have previ-
ously shown that original throat wash samples contain 10- to
100-fold-greater titers of virus which grows in MDCK cells
than virus which can grow in the amniotic cavities of eggs.
Furthermore, multiple antigenic and structural variants were
only obtained by growth of virus in eggs. Mammalian
cell-grown viruses have also been shown to be antigenically
more similar to the virus replicating in humans than their
egg-grown counterpart on the basis of their greater ability to
detect neutralizing and hemagglutination-inhibition antibody
in postinfection human sera (8, 15).
We have shown that cultivation of human influenza H3N2

viruses in mammalian cell culture results in a virus similar to
the predominant population of virus that is replicating in the
infected individual. Previous studies have shown that
MDCK cell-grown viruses are more broadly cross-reactive

with related viruses isolated in previous years and can
provide superior protection against infection in animal mod-
els compared to variant egg-grown viruses from the same
source (6, 17). However, MDCK cells, while suitable for
virus isolation and characterization, cannot be used for
vaccine strain isolation or production of the vaccine itself.
Since egg-grown influenza virus vaccines are likely to con-
tinue, it is obviously important to select the virus which is
antigenically similar to the virus grown in MDCK cells and
which has minimal differences in biological properties. Care
must be taken to obtain this virus. Although it may be readily
isolated at limit dilution, early passaging of uncloned popu-
lations of egg-grown virus may result in the overgrowth of
this predominant population by a faster-growing minor vari-
ant. This can result in selection of a minor variant which is
more likely to be antigenically distinct and possess altered
receptor-binding properties compared to the predominant
virus present in the original throat wash sample. To detect
such minor subpopulations of variant viruses directly, it
would be necessary to molecularly clone and sequence the
products of DNA amplification from original throat wash
samples.
The amplification and direct sequence analysis of the

influenza virus genome isolated directly from humans has
proven to be a powerful research tool with which the
sequence of critical amino acid residues known to affect the
antigenicity and biological properties of a virus can be
determined in the absence of pressures imposed by an in
vitro host cell system.
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